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Efficient Take-Back Legislation∗

Atalay Atasu†, Miklos Sarvary, Luk Van Wassenhove

November 13, 2006

1 Introduction

Take-back legislation holds manufacturers responsible for environmentally safe treatment of their

products when the products reach end of life. Under such legislation manufacturers are required to

provide a system or financial means of collecting and processing the waste stream of used products to

control environmental pollution. Responding to increased pressure from green organizations, a number

of governmental take-back regulations have taken place in worlds leading economies. The environmental

directives in the European Union (EC Report2 2005) and Japan (Japan 2005) have been enacted earlier,

while take-back movement is currently spreading in United States. Green organizations have won their

first battle in Maine in 2004 when the state passed the first US take-back law (Woellert 2006). Other

states such as Washington, California (California 2005), and Maryland joined Maine in enacting take-

back legislation (www.computertakeback.com) and 19 other states are weighing legislation.

A typical approach in formulating such legislation is imitating or learning lessons from earlier

examples. It is known that several European take-back directives have been under implementation for a

long time, thus these directives are potential and probable example candidates for the future legislation

in different regions of the world. There are several European directives for different product categories

(see Tables 1, 6, 7 and 8). We base our discussion on the European Waste Electrical and Electronic

Equipment (WEEE) directive (EC Report2 2005) as is the most recently updated one and it has been

under implementation for a long time.

The WEEE directive introduces producer responsibilities for e-waste. It is based on some recovery,

recycling and collection targets. The EU member countries are imposed collection and recovery/recycling

targets by the Union (Table 1). Each government has to ensure that the amount of collected used

products should be at least as high as defined by the EU directive. The directive states that the

government and the manufacturers should provide a system such that returning products is made easy
∗This paper is a part of the first author’s dissertation research. Preliminary draft. Please do not circulate.
†Corresponding author. INSEAD, Boulevard de Constance, 77300 France, e-mail: atalay.atasu@insead.edu, tel: 0(0)33

160 71 2506
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and at no cost to the consumers. Once a certain amount of used products are collected, the manufacturer

is responsible for the treatment of those to minimize the environmental hazard. Basically, the directive

imposes recycling and recovery targets on the manufacturer, such that a certain proportion of collected

returns are recycled or recovered. Recycling is defined as reprocessing in a production process of the

waste materials for the original purpose or for other purposes, but excluding energy recovery which

means the use of combustible waste as a means of generating energy through direct incineration with or

without other waste but with recovery of the heat. Recovery on the other hand has a broader definition,

which includes recycling and other material or energy recovery (EC Report 2005).

Table 1: EU Legislation for Waste Electrical and Electronic Equipment (WEEE) for different categories defined
by the Directive (percentages of total weight)

Category Collection Level Recycling Level Recovery Level

Categories 1 and 10 To be decided 75% 80%

Categories 3 and 4 To be decided 65% 75%

Categories 2,5,6,7 and 9 To be decided 50% 70%

Lamps To be decided 80% 80%

Overall > 4 kg per inhabitant until 2009 - -

This legislative structure has been designed considering two basic assumptions: (i) by making

producers responsible for their waste, an economic incentive is created for producers to design more

ecological designs, and (ii) recycling and recovery of large quantities of waste will lead to a reduction

in environmental impact (Mayers et al. 2005). However, the efficiency of current legislation is still a

question and it is not known to which extent these assumptions are valid. Most targets being subject

to change or being still undefined indeed shows that the directive is still to be improved (see Table 1).

Needs for improvements both from the legislators’ and the industry’s perspective is evident as European

manufacturers, treatment providers and regulators form public forums to discuss improvements (WEEE

Forum 2006).

Our target in this paper is to investigate the efficiency of the existing legislation and to identify

possible improvements. As such, it is crucial to understand how the current form of the legislation is

obtained and what it achieves today. To find answers to these questions, we have surveyed a number of

(anonymous) manufacturers(6), treatment providers (8) and legislators(2) that are active in the WEEE

field in European Union.

The common answer to the question of ”how these targets were initially set?” has been lobbying.

During the implementation phase of the legislation, manufacturer’s were trying to decrease the targets

as increased targets mean increased costs to them. The green organizations were trying to increase the

targets to increase the environmental savings. Naturally, the treatment providers were in line with the
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green organizations to increase the scale of their business. The current targets in the directive basically

shows a common agreement, although most players are unhappy with the targets.

Most manufacturers believe that the directive has been enacted by the government to shift the

environmental responsibility to the manufacturers and of course to seem nice to green organizations.

Because the classification of product categories and selection of targets have not been done with respect

to the any environmental measure1, most producers state that they do not have an incentive to increase

the environmentally friendliness of their products and they do not go for environmental designs. One

manufacturer has explicitly stated that they are going for miniaturization as the legislation is weight

based. (Mayers et al. 2005) has shown in their study that this is actually the case. Contrary to the

original assumptions, the use of mass-based targets do not assure that producers adapt the design of

their products as intended under producer responsibility.

To this end, the manufactures have several problems with the current form of the legislation and

are forming WEEE forums, where the issues related to the legislation can be discussed and common

agreements can be found (see (WEEE Forum 2006)). The most important problem in the manufacturers

point of view seems to be fairness. They fear the existence of free riders and compliance assurance is

very important to them. Since the legislation is about achieving recycling/recovery targets, the next

important issue is reducing treatment costs from the manufacturer’s point of view.

Considering these issues, this paper aims to (i) compare the economic and environmental impacts

of such legislation, (ii) identify efficiency conditions, (iii) investigate the competitive implications and

(iv) discuss improvements to the existing structure and present guidelines to countries/states that are

weighing legislation. In section 2, we develop our base economic model to account for the economic and

environmental impacts of the take-back legislation simultaneously. We discuss the efficiency of existing

legislation and provide possible improvements for target setting and product category classification. In

section 3, we discuss the impact of the cost structure. Then in section 4, we consider the impact of

competition, a factor that has been ignored so far. We also look at the fairness/free riding implications

of the legislation. In section 5, we discuss the impact of two possible governmental actions to improve

welfare: consumer education and take-back subsidization. In section 6, we consider the fact that the

take-back activities sometimes can be profitable and elaborate on that. In section 7, we conclude with

our suggestions for designing efficient-take back systems.
1Complementary to the WEEE directive, the Restriction of Hazardous Substances directive limits the use of certain

chemicals in the electronic products. The RoHS directive in that sense serves for reducing the environmental hazard of the
products. But the two directives are not related in the sense of tieing up the targets to the environmental quality.
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2 Base Model

Considering the current form of the European legislation with collection and recycling targets, we model

the economic system with three decision makers: A social planner (government), a manufacturer and

consumers. The legislation works as follows: First, the government sets a collection target (c) and

recycling target (r). Given the collection and recycling targets, the manufacturer sets the sales quantity

(q) or price (p) given the costs of collection, recycling and manufacturing for the specific product of

interest. Then, given the prices/quantities the consumers buy the product. The solution to social

planner’s problem can be solved using backwards induction as follows:

Stage 3 - Consumers: We model the consumers with a simple Cournot linear inverse demand

function, i.e., p = 1− q, where p is the sales price for the product and q is the total quantity of products

sold.

Stage 2 - Manufacturer: Given the demand structure, collection, recycling targets and the

manufacturing system parameters with a manufacturing cost of µ, collection cost of χ and recycling cost

of ρ, the manufacturer maximizes his profits. We assume that the costs are all linear in the quantities

produced as most practical data provides average treatment and collection costs (see Table 2 for examples

from (Chen et al. 2004)). We will discuss the relaxation of linearity assumptions later on.

Table 2: Collection and recycling costs for different categories (Euros/kg)

Recycling Collection

WEEE Categories Minimum Maximum Average Min. Max. Average

Large household appliances 0.20 0.42 0.31 0.07 0.17 0.14

CFC containing appliances 0.61 1.28 0.86 0.15 0.39 0.25

Small household appliance 0.42 0.55 0.52 0.11 0.28 0.18

IT and telecommunications eq. 0.42 0.77 0.59 0.12 0.28 0.17

TV Sets 0.62 0.79 0.69 0.12 0.25 0.19

These assumptions result in the objective of manufacturer, written as:

ΠM = pq − µq − χcq − ρrcq

where µ is the average production cost, χ is the average collection cost, cq is the total quantity collected,

ρ is the average recycling cost, and rcq is the total quantity recycled. Thus, the first term above is the

revenue, the second term is the total manufacturing cost, the third term is the total collection cost and

the last term is the total recycling cost the manufacturer incurs. We assume a single period model

where there is no difference between recycling and other types of recovery in terms of the environmental

hazard2. Thus, from now on we use recycling and recovery interchangeably. We also assume that all
2This assumption is made to simplify the analysis by solving our problem with respect to 2 parameters instead of 3.
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costs are non-negative and µ + χ + ρ < 1, so that manufacturer always chooses to produce a positive

quantity. Under these assumptions, the manufacturer’s optimal decision in the Cournot model can be

written as:

q∗ = (1− µ− χc− rcρ)/2 (1)

p∗ = (1 + µ + χc + rcρ)/2 (2)

Stage 1 - Social Planner: By anticipating the manufacturer’s and consumers’ actions, the social

planner uses the imposed parameters: collection rate c and recycling rate r to maximize the total welfare.

The total welfare in the system is given by the sum of the monopolist profit ΠM ,

ΠM = p∗q∗ − µq∗ − χcq∗ − ρrcq∗ =
(1− µ− χc− ρrc)2

4
(3)

the consumer surplus (ΠC),

ΠC = (1− p∗)q∗/2 =
(1− µ− χc− ρrc)2

8
(4)

and the environmental savings ΠE ,

ΠE = −ε(1− rc)q∗ = −ε(1− rc)(1− µ− χc− ρrc)/2 (5)

where the cost to the environment is given by ε/unit at a constant rate. Note that the cost to the

environment should be related to the cost in physical terms, i.e., the physical damage given to the

environment, which is hard to measure. Several techniques exist to measure the environmental impact

using different objectives. Life Cycle Assessment (LCA) techniques are popular for this purpose in the

field of environmental economics. For a detailed review we refer the readers to (Mayers et al. 2005) and

(Huisman et al. 2003). This literature suggests that the environmental burden has to do with the kg.

of hazardous waste, while the WEEE directive does not differentiate a kg. of hazardous waste and steel

for instance. Our definition of the ε parameter is critical: ε is a measure of environmental hazard which

differs depending the environmental quality of the product.

For our purposes we need to find a way of comparing the ecological impact with the economic

surplus change. Environmental economists usually compare these two on two dimensional graphs where

they compare the environmental costs with the environmental savings obtained ((Bovenberg and Goulde

1996), (Mayers et al. 2005), (Ruedenauer et al. 2005)). However, it is not easy to measure the cost to the

environment in monetary terms. Therefore we interpret the ε parameter as the consumers’ perception

of environmental hazard, i.e., the public willingness to pay for avoiding the harm to the environment.

This is still hard to measure, but the literature suggest ways of measuring the willingness to pay. For

instance (Hazilla and Kopp 1990) have been able to estimate social cost of implementing environmental
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quality regulations and (Smith and Huang 1995) has been able to estimate the consumer willingness

to pay for marginal increase in the air quality. Therefore, for the remainder of our analysis we assume

that this kind of a measure exists under the willingness to pay interpretation. We also assume that

the environmental cost is linear in the sales quantity as the environmental impact is perceived at a per

product basis.

The problem to be solved by the social planner is maximizing the total welfare (W ) in the system:

max
r, c

W = ΠM + ΠC + ΠE (6)

s.t. 0 ≤ r ≤ r (7)

0 ≤ c ≤ c′ (8)

where r′ and c′ represent technological or physical upper bounds on the collection and recovery rates

(0 ≤ r′ ≤ 1 and 0 ≤ c′ ≤ 1). We set these bounds at 1 for the sake of analytical ease. Note that

this formulation has 3 underlying additional assumptions: (i) free disposal (ii) linear additivity in

total welfare (iii) integrated monopolist and treatment provider. We discuss the implications of these

assumptions in section 8.2 in the Appendix.

(a) ε = 0.1 (b) ε = 0.8

Figure 1: Collection Impact for µ = 0.2, χ = 0.1, ρ = 0.1 and r = 1

Let us now observe how the total welfare is affected by the legislation. Figure 1 illustrates the

impact of collection rate on the manufacturer’s profits, consumer surplus and the environmental hazard.

Figure 1a (b) considers the case where the environmental hazard of the product is low (high). The

manufacturer’s profit and consumer surplus are decreasing in the collection rate, while the environmental

benefits are increasing in the collection rate (This is always true by equations (3), (4) and (5)). This

is intuitive as increased collection rates increase the marginal cost of manufacturing. It is important
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to note that the impact of legislation on the total welfare depends highly on the environmental cost.

When the cost to the environment ε is higher (Figure 1b), welfare increases with respect to the collection

rate. However, when ε is relatively low (Figure 1a), the impact of collection on welfare is relatively less

significant.

Proposition 1 The optimal decision of the social planner is summarized in Table 3. Recycling target

(as a percentage of the collected returns) r should always be selected at its upper-bound (r = 1) for c > 0.

The optimal collection rate is decreasing in the collection and recycling costs (χ and ρ) and increasing

in the cost to the environment (ε).

Proof. All proofs are provided in the Appendix.

The social planner sets the legislative targets to maximize the total welfare as given by Proposition 1.

The solution to his problem (see details in the Appendix) can be summarized in Table 3. The solution is

simple: When the cost to the environment is too low compared to the collection and recycling costs, the

optimal collection level is set at 0. However, when the environmental cost is relatively high, a positive

collection rate is optimal. It turns out that for all c∗ > 0 the optimal recycling/recovery rate is 1. This

makes sense, since if a product is not to be recycled, there is no reason to collect it. This result is of

course driven by the fact that we assume linear recycling costs and that perfect recovery is possible.

In real life on the other hand, there may be upper bounds on the recovery levels (i.e.,it may not be

technically feasible to recycle all). Nevertheless, this is not the only issue. It could also be the case that

the cost of recycling be increasing in the recycling percentage (i.e., it is costlier to recycle higher rates).

We consider this issue in section 3.1.

Table 3: Optimal solutions for social planner given the possible parameter realizations

ε ≤ 3(1−µ)
2

(
χ+ρ

1−µ+χ+ρ

)
3(1−µ)

2

(
χ+ρ

1−µ+χ+ρ

)
≤ ε ≤ 3(χ+ρ)

2 ε ≥ 3(χ+ρ)
2

c∗ 0 c = 1
2

(
1−µ
χ+ρ + 3(1−µ)−4 ε

3 (χ+ρ)−4 ε

)
1

r∗ any r ∈ [0, 1] 1 1

It is worth mentioning that usually there exist possible fees charged by the manufacturers to the

consumers to cover the costs of collection and recycling. The WEEE directive states that the producers

are allowed to show the consumers the cost of recycling and treatment until a certain time period after

the legislation is enacted. Using (2), it is easy to see that the price under the legislation is (χc + rcρ)/2

higher than the price without legislation, which is half the cost of collection and recycling per item. This

basically states that the legislation could also define the fees for the recyclable items. An immediate

result of proposition 1 follows. For 0 < c < 1 (conditions given by table 3), the optimal fee charged by
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the manufacturer should be 1−µ
2 + (3−4 ε−3 µ) (χ+ρ)

2 (3 χ−4 ε+3 ρ) and the maximum visible fee to be shown is χ+ρ
2 . This

is currently not defined by the WEEE legislation and our analysis points out that for a better welfare

outcome manufacturers should be active at defining these fees.

Another important point is the consideration of dynamics or the evolution of the considered system.

As one reason for this type of environmental directive is creating incentives for the manufacturers for eco-

efficient designs, one would expect that the manufacturers invest in economical collection and recycling

systems, or even change the design of the products such that it would be less costly to collect and recycle

and less harmful to the environment. Moreover, consumers in time may be more sensitive about the

environment. So, how should the legislation be adapted to these changes?

Using Proposition 1, one can show that the higher the cost to the environment (or the consumers

perception on ε) and the lower the collection and recycling costs, the higher the optimal collection rate

is. In other words, assuring the best welfare outcome requires the legislative targets be adapted to the

changes in the system and if the above mentioned scenario takes place, increased targets would help

improve the total welfare. On the other hand, manufacturer’s anticipation of changes in the legislation

may result in unexpected outcomes. The manufacturer may anticipate that if he reduces the cost of

treatment, the government will be increasing the optimal collection rate. This, in turn may result in

manufacturers not investing in reducing the treatment costs by anticipating the social planner’s action.

Corollary 1 The manufacturer profit is decreasing in the cost of treatment (χ + ρ) when ε ≥ 3(1−µ)
4

and increasing otherwise as long as the optimal collection rate c∗ ∈ (0, 1).

When the optimal collection rate is equal to zero (c∗ = 0), the manufacturers are worse off with reduced

treatment cost (χ + ρ) since reducing this may lead to a positive imposed collection rate c. On the

other hand, when c∗ = 1 the manufacturer is better off with reduced costs as after c = 1 the collection

rate cannot be higher. Interestingly, for an interior c, the basic driver of this investment decision is

the manufacturing cost µ. When the profit margin of manufacturer is sufficiently high (i.e., µ low) ,

manufacturer profit will be decreasing with lower treatment costs, as the imposed collection rates will be

higher. On the other hand, when the manufacturer’s profit margins are low, the increase in the imposed

collection rate will be increasing slower with decreasing treatment costs.

On the other hand, from Table 3 it is easy to see that the targets are always increasing in ε

and it is always to the manufacturer’s benefit to reduce the ε, if the legislation sets targets according

to the environmental quality ε. This basically suggests that: A dynamic legislation controlling for

the environmental quality results in improved welfare outcomes by providing economic incentives to

the manufacturer. This has important implications over the WEEE directive where collection and

recovery targets are weight based and categorization is done with respect to industrial differences: (i)
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Weight based legislation is not necessarily efficient. The legislation should consider the environmental

impact of each product individually. (ii) Product categorization should also be done with respect to the

environmental quality of products.

3 Impact of the Cost Structure

3.1 Non-Linear Recycling Costs

It is important to understand the impact of non-linear recycling costs because this case is also observable

in practice. Our surveys with the WEEE manufacturers and treatment providers have shown two types

of cost structures: (i) recycling costs are linear in the recycling rate and (ii) recycling costs increasing

in the recycling rate. The former has been considered in the previous section and we consider the latter

in this section. We assume that the recycling cost is given as a function of the recycling rate as ρr2.

Then, stage 3 remaining the same, our three stage decision problem can be written as:

Stage 2 - Manufacturer: The manufacturer’s objective is given as:

ΠM = pq − µq − χcq − ρr2cq

The solution to the monopolist’s problem is still simple and is given by the following term as the

optimal sales quantity:

q∗ = (1− µ− χc− r2cρ)/2

Stage 1 - Social Planner: The social planner’s problem is the same as that of the base case

(given by (6), (7), and (8)), except the structure of recycling cost.

Recall that under the linear cost assumption, recycling rate had to be selected at its upper bound.

Because, a collected item had to be recycled, there were no reason to collect it otherwise. This logic is

no longer true if the marginal cost of recycling is increasing in the recycling rate.

Proposition 2 Assume increasing marginal recycling costs (ρcr2). When the optimal collection rate

c ∈ (0, 1), the upper bound on the optimal recycling rate is given as r̄∗ =
√

χ
ρ when χ ≤ ρ and r̄∗ = 1

otherwise.

Proposition 2 states that the linear case logic no longer applies. There exists an economical upper

bound on the optimal recycling rate to be imposed by the social planner that is given by r̄∗ =
√

χ
ρ .

Note that when χ is higher than ρ, the optimal recycling rate is set at 1, which is the natural upper

bound. On the other hand, when χ is lower than ρ, only a certain proportion of collected items will be

recycled.

This result can be explained when r̄∗ is replaced in the recycling cost in the manufacturer’s objective.

At r̄∗ =
√

χ
ρ , the marginal recycling cost, ρr2cq = χcq is equal to the marginal cost of collection. This
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basically leads to the interpretation that the optimal recycling rate should be chosen at the point where

the marginal cost of recycling is equal to the marginal cost of collection. Thus we denote this r̄∗ =
√

χ
ρ

as the economical upper bound on the optimal recycling rate. (For similar economical bounds see (Geyer

et al. 2006).) It is interesting to note that at the economical recycling rate upper bound, (i.e. when

the optimal solution is in the interior region) the imposed recycling rate is independent of the cost to

the environment ε. The only thing that drives the optimal recycling rate is the relation between the

marginal collection and recycling costs. However, the optimal collection rate c in the interior region is

given below.

c∗ =





0 when ε ≤ 3 (−(√χ
√

ρ)+√χ µ
√

ρ)
−1+µ−2

√
χ
√

ρ

ε (−1+µ)+
√

χ (3−2 ε−3 µ)
√

ρ

−4 χ ε+6 χ
3
2
√

ρ
when

3 (−(√χ
√

ρ)+√χ µ
√

ρ)
−1+µ−2

√
χ
√

ρ ≤ ε ≤ 3
(
−(√χ

√
ρ)+2 χ

3
2
√

ρ+
√

χ µ
√

ρ
)

−1+4 χ+µ−2
√

χ
√

ρ

1 o/w

(9)

Increasing environmental hazard measure ε does not affect the optimal recycling rate but increases

the optimal collection rate up to perfect collection, i.e. c = 1. In other words, when ε is sufficiently low,

the social planner uses the collection rate as the main driver of the legislation and sets the recycling

rate at the economical bound defined above. On the other hand, once the environmental hazard

measure ε is sufficiently high to require perfect collection, the environmental concerns overweigh the

economical concerns and the optimal recycling rate increases in ε. The imposed recycling target exceeds

the economical upper bound on the optimal recycling rate as the following example shows:

Example 1 Assume that µ = 0.2, χ = 0.05 and ρ = 0.1. Then using equation 9, for ε > 0.200281 the

optimal collection rate is c = 1. Figure 2 shows that the optimal recycling rate is increasing in the cost

to the environment when ε exceeds this threshold for perfect collection.

Figure 2: Optimal recycling rate at perfect collection

3.2 Nonlinear Collection Costs

Similar to the recycling cost assumption, the linear collection cost assumption can be questionable,

depending on the way returns are collected . Manufacturers may have to collect the used products in one
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of two ways: from public collection centers or directly from consumers. When the returns are collected

from public centers, the linear collection cost assumption would be suitable for the manufacturer. On

the other hand, when the manufacturers have to collect from individuals, this assumption may not be

reasonable. Cost of reaching additional individuals may increase as the collection rate increases. The

answers we obtained from our survey also suggested this. While a significant proportion of manufacturers

and treatment providers provided linear costs in the collection rate, another proportion has suggested

increasing collection costs.

To model the increasing marginal cost, we assume that the cost of collection is is given by χc2q.

Then, stage 3 remaining the same, our three stage decision problem can be written as:

Stage 2 - Manufacturer: The manufacturer’s objective is given as:

ΠM = pq − µq − χc2q − ρrcq

The solution to the monopolist’s problem is still simple and is given by the following term as the

optimal sales quantity:

q∗ = (1− µ− χc2 − rcρ)/2

Stage 1 - Social Planner: The social planner’s problem is the same as that of the base case

(given by (6), (7), and (8)), except the structure of collection cost.

Proposition 3 Assume increasing marginal collection cost (χc2). The optimal solution has the same

structure as in Proposition 1.

Proposition 3 states that under the increasing marginal collection cost assumption the policy from

the linear cost model applies. In other words, when the marginal collection cost is increasing in the

collection rate, the recycling rate should still be selected at its upper bound and the collection rate

should be selected depending on the cost parameters. Unfortunately, under the increasing marginal cost

assumption, the optimal collection rate cannot be obtained in a simple closed form. Nevertheless, the

optimal collection rates can be calculated numerically for any parameter setting.

Our investigation of non-linear collection and recycling costs have generalized the interpretation of

our results from the base model with linear cost assumptions. Our results suggest that at the optimal

welfare outcome, one of the two instruments (collection rate or recovery rate) is always at its upper

bound. The upper bound on the collection rate is a physical one, i.e., one can not collect more than

what is available. The recovery rate upper bound on the other hand is an economical one when the

environmental hazard of the product is low and one needs to compare the marginal costs of recovery

and collection to determine this bound.
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The collection rate seems to be the more effective tool in a take back legislation and the recovery

rate in general is set at its upper bound. Thus, for the remainder of the analysis, we will assume that all

collected items will be recycled and investigate the optimal collection rate only. We will use the same

cost structure as in the previous sections, with the only difference that ρ be the sum of collection and

recycling costs. We will use the linear cost assumption because it has the same structural solution as in

the non-linear case above and it is easier to use analytically.

4 Competition

So far, we have represented the production side of the economy with a monopolist. In this section we

will consider the impact of take-back legislation under oligopoly. Assume that there are n identical

firms competing in the market. Similar to the base (monopoly) case, the problem can be solved using

backward induction:

Stage 3 - Consumers: Price is driven by the total quantity sold in the market, i.e., p = 1−∑n
i−1 qi,

where p is the market price and qi is the amount sold by firm i for a standard Cournot game with n

players.

Stage 2 - Manufacturer: All firms try to optimize their profit considering the market price

determined by sales quantities p = 1 − ∑n
i−1 qi. Everything else being the same, the optimal sales

quantity for firm i, is given by

q∗i = q∗ =
1− µ− ρc

n + 1
For this optimal quantity the total producer surplus and the consumer surplus in the system

respectively would be:

ΠM = (p∗ − µ− ρc)q∗n

ΠC = (1− p∗)q∗n/2

and the environmental savings would be:

ΠE = −ε(1− c)q∗n

Similarly to previous sections, the social planer maximizes the total welfare by deciding on c, with

the following optimization problem:

max
c

W = ΠM + ΠC + ΠE

s.t. 0 ≤ c ≤ 1

Proposition 4 The optimal decision of the social planner under competition (of n firms) is summarized

in Table 4. The optimal collection rate is decreasing in collection and recycling costs (ρ) and increasing

in the degree of competition (n) and cost to the environment (ε).
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Table 4: Optimal solutions for educating planner given the possible parameter realizations

ε ≤ (1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
(1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
≤ ε ≤ ρ

(
n+2
n+1

)
ε ≥ ρ

(
n+2
n+1

)

c∗ 0 (−1+µ) n (2+n) ρ+ε n (1+n) (1−µ+ρ)
n ρ (2 ε (1+n)−(2+n) ρ) 1

Figure 3: Impact of competition and environment costs on the optimal collection rate

Proposition 4 points to a strong result: The optimal collection rate is increasing in the degree

of competition (n). Figure 3 illustrates this result by displaying the impact of competition and

environmental hazard on the optimal collection rate. To understand the underlying causes of this result,

we need to observe how the three elements of welfare change under competition. When the number of

competing firms increase, prices go down. This leads to lower manufacturer profits and higher consumer

surplus. At the same time due to lower prices, more consumers buy the product, increasing the output.

Thus, while the consumer surplus is increasing, manufacturer profits and the environmental benefits are

decreasing in the degree of competition. The last effect is what we call the environmental externality of

competition!

Figure 4 is useful to observe the environmental externality of competition. This figure displays the

impact of competition under a static legislation. It illustrates the case where the collection rate is set

assuming n = 3, namely c = 0.2. In this figure, environmental benefits are decreasing with increasing n.

Moreover, the total welfare (including producer profit, consumer surplus and the environmental benefits)

is also decreasing with respect to n when n > 3. This basically means that when the competitive

structure in the industry changes, the environmental legislation deviates from optimality. As Figure 4

shows, benefits from the legislation are transferred directly to consumers since the consumer surplus is the

only element that increases with competition. The burden is carried by producers and the environment
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Figure 4: The impact of competition under a static legislation, for µ = 0.2, ρ = 0.2, and ε = 0.24

for increasing competition.

The negative environmental impact of competition can be overcome by a dynamic legislation that

sets targets according to the degree of competition. Consider Figure 5 now, where the legislation is

dynamic and the collection rate is adjusted to the competition level according to Proposition 4. In this

case, the legislation is efficient, meaning that the total surplus is increasing with respect to n. Moreover,

the environmental gains are increasing with respect to the competition level. The message is clear:

Competition can be useful for the environment if legislation is adapted to the industry structure. It is

important to notice how this is achieved though. Basically, to obtain the increase in environmental

savings the social planner needs to increase the collection rates. This means higher costs to the

manufacturers and higher prices for the consumers. The increased prices help the environment in

two ways: (i) It reduces the output (ii) it reduces the proportion of output that remains as waste. The

producers are the ones who suffer the most from the environmental externality. Comparing Figure 5

with Figure 4, we observe that the manufacturer profits are decreasing faster and the consumer surplus

is increasing slower with higher competition under a dynamic legislation.

To summarize, our results suggest pushing the manufacturers more when there is tougher

competition. There is also a simple but powerful message to the legislators: Set up the collection

levels according to the industry structure!
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Figure 5: The impact of competition under a dynamic legislation, for µ = 0.2, ρ = 0.2, and ε = 0.24

4.1 Fairness

According to Business Week (Woellert 2006), Hewlett Packard Co. has supported the enacting of take-

back laws in the US, while Apple Computer Inc. has worked against. (Woellert 2006) states that HP’s

efforts are not entirely altruistic. The company’s investments in the recycling and reuse business has

made take-back a competitive strength to HP. In 2005, HP recycled more than 70.000 tons of product

and collected more than 2.5 million units of used products to be refurbished or resold. Thus, HP

could see the implementation of take-back laws as means of creating competitive advantage. On the

other hand, Apple has been the greens’ disappointment. Although the company’s brand image is more

environmentally oriented, Apple lags behind HP and Dell in voluntary recycling. However, Apple says

critiques ignore the company’s efforts to use recyclable and clean materials in its products, i.e., 90% of

Apple products can be recycled. The Chief Operations Officer Timothy D. Cook said: ”It’s important

to look at the process as a whole. Not just one part.” (Woellert 2006).

So far, our models considered identical firms only and did not reflect this problem in reality. We

assumed with these models that all products from all manufacturers had identical collection and recycling

costs as well as environmental impacts. In reality, this is not the case. Firms with lower treatment

costs and higher environmental impacts may be provided a competitive advantage. The structural

improvements our models suggested for the legislation so far are not sufficient to overcome the fairness

issue, either. Consider the following examples:

Example 2 Assume that there are two identical firms with µ = 0.5, ρ = 0.2 and ε = 0.22. Using
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proposition 4 the optimal collection rate can be calculated as c∗ = 0.596154 and the manufacturer profits

at this point are realized at ΠM = 0.0161095.

Example 3 Now, assume that there are two firms differentiated in their product design for the

environment. For the first firm (M1), let µ1 = 0.5, ρ = 0.2 and ε = 0.22 and for the second firm

(M2) µ = 0.5, ρ = 0.2 and ε = 0.24. In this case, with a simple numerical analysis the optimal

collection rate is found to be c∗ = 0.715517 and the manufacturer profits at this point are realized at

ΠM1 = ΠM2 = 0.0141528.

Example 3 shows that the manufacturer with lower environmental impact is punished for the other

manufacturer’s environmental hazard even when the targets are intelligently set. The collection target

is higher than example 2 due to the fact that the weighted average environmental hazard is higher

because of the second manufacturer’s product. So, now the question is, why should a manufacturer

increase the environmental quality of her product, if this manufacturer is gong to pay for others’ cost

to the environment?

Example 4 Now, assume that there are two firms differentiated in their treatment costs. For the first

firm (M1), let µ1 = 0.5, ρ = 0.2 and ε = 0.22 and for the second firm (M2) µ = 0.5, ρ = 0.18 and

ε = 0.22. In this case, the optimal collection rate is found to be c∗ = 0.742058 and the manufacturer

profits at this point are realized at ΠM1 = 0.0125998 and ΠM2 = 0.0161519.

Example 4 shows that the second manufacturer, by reducing the treatment costs can gain a

competitive advantage and lower the other manufacturer’s profits by 25% while increasing his profits.

So, there may be a stronger incentive on reducing the treatment costs rather than increasing the

environmental quality of the product. If the government considers an average treatment cost and an

average environmental impact for large product categories and then imposes the targets accordingly,

this may not assure the individual producer responsibilities for products of environmental quality.

One environmental manager from a world wide computer manufacturer, used the following

statement when we surveyed him: “We could invest in the environmental specs, only if we could benefit

from those. If I am going to collect refrigerators why should I invest in recyclable computers with

better environmental quality?”. The important message here is that individual producer responsibility

is ”the key” to efficient and fair legislation. The legislation has to be set up in a way that every single

manufacturer is responsible for what they produce. Otherwise, as the examples above show, some firms

could be punished for other’s fault and some could gain competitive advantage over the others. The

best way of implementing such legislation is enforcing more and more individual producer responsibility.

If every manufacturer were responsible for her product’s environmental quality and the targets were set

up accordingly, the fairness issue could be solved.

16



Naturally, the feasibility of this suggestion is questionable. Measuring the environmental quality

of each product from each manufacturer and monitoring the collection and recovery activities is a

very difficult task. This is probably the reason why the legislators have not chosen this alternative.

Nevertheless, the parties that could benefit from individual responsibility would be willing to invest in

the systems to assure individual environmental responsibility. In our context, these players would be

the firms that suffer from fairness issues and the green organizations.

5 Active Government

5.1 Educating Social Planner

Culture plays an important role on the efficiency of take-back legislation. If the end-users do not

return products, reaching collection targets may not be feasible. Practical evidence from European

Countries support this argument by providing significantly different collection rate achievements in

different countries. (Kim 2002) shows that this is the case under the European End-of-Life Vehicle

directive. While very high collection rates (estimated around 99 %) have been achieved in Sweden, the

collection rates in the UK are significantly lower (estimated around 50 %). (Boelen 2006) points to a

similar result, in household waste collection in Europe. While the household waste processing percentage

in Sweden is 86%, this rate goes up to 26% in UK. Therefore, achieving certain collection targets not

only requires collection systems built by the manufacturers but also consumer consciousness. So far we

assumed that the level of collection could be chosen by the social planner without incurring any cost,

which is not the case in real life. Higher collection rates may require additional effort (i.e., educating

consumers, monitoring firms, advertising etc.) in different societies.

In this section, we consider the social planner’s additional cost of collection, namely cost of education

α. We assume that this cost increases with increasing collection rates. The social planner incurs αc2

additional cost to ensure the collection level c. This is chosen as a function of the collection rate,

not the total quantity collected, as c can be thought of as the percentage of environmentally educated

consumers (See (Savaskan et al. 2004) for a similar operations approach and (Lilien et al. 1992) and

(Fruchter and Kalish 1997) for marketing approaches). We present our results in this section for the

case of competition as monopoly can be presented as a special case (i.e., n = 1). Stages 3 and 2 have the

exact same structure as in the competition case , since the cost of education is a function of collection

rate only, not the collected quantity.

Stage 1 - Social Planner: The solution to the social planner’s problem is similar to the base case

again.
max

c
W = ΠM + ΠC + ΠE − αc2

s.t. 0 ≤ c ≤ 1

17



Proposition 5 The optimal decision of the educating social planner under competition (of n firms) can

be summarized as in the Table 5. The optimal collection rate is decreasing in collection and recycling

costs (ρ) and cost of education (α) and increasing in the degree of competition (n) and cost to the

environment (ε).

Table 5: Optimal solutions for educating planner given the possible parameter realizations

ε ≤ (1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
(1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
≤ ε ≤ ρ

(
n+2
n+1

)
+ 2α

1−µ−ρ

(
n+1

n

)
ε ≥ ρ

(
n+2
n+1

)
+ 2α

1−µ−ρ

(
n+1

n

)

c∗ 0 (−1+µ) n (2+n) ρ+ε n (1+n) (1−µ+ρ)

2 α (1+n)2+n ρ (2 ε (1+n)−(2+n) ρ)
1

(a) Reflection of cost of education on the manufac-
turer profit, consumer surplus and environmental
savings (at the optimal collection rate)

(b) Reflection of cost of education on the manufac-
turer profit, and consumer surplus when consumer
bears the environmental costs (at the optimal
collection rate)

Figure 6: Collection Impact for n = 1, µ = 0.2, ρ = 0.2 and r = 1

Proposition 5 states that the optimal collection rate is decreasing in the cost of education, which is

quite intuitive. Figure 6 on the other hand, points to an interesting discussion: Who carries the burden

for the cost of education ?

Consider Figure 6a first. In this figure, the cost of education is not reflected, neither on

manufacturers nor on consumers. In this case, the environmental benefits are decreasing in the cost

of education and the cost of education is carried only by the environment. Both manufacturer profits

and consumer surplus is increasing in the cost of education and this is basically because the higher the

cost of education, the lower the collection rate is. This results in lower manufacturer costs and thus

prices for the products. Lower costs an prices increase manufacturer profits and consumer surplus. In
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this case, both manufacturers and consumers are better off with consumers that are harder to educate.

Educating consumers is not beneficial to these players.

Figure 6b shows how the situation changes when the consumer behavior is altered. When the

consumers consider the environmental burden as a cost to their budget, the situation is different. In

this case the consumer welfare can be represented as the sum of economic consumer surplus and the

environmental savings. In Figure 6b, this sum is decreasing in the cost of education, which means that

when the consumers are willing to protect the environment, they are better of with lower education

costs. In other words, education is better for environmentally conscious consumers.

The social planner needs to create a budget (B = αc2) for consumer education. The first option

that comes to one’s mind is charging the manufacturers for the cost of education, which is the case for

countries such as Portugal (WEEE Forum 2006). Assume that the manufacturers are held responsible

for a part of the cost of education (i.e. α′ = βα |β < 1). In this case, given the optimal collection rate

c, manufacturers’ decision is indirectly affected by the cost of education via the change in the collection

rate. The condition for keeping an efficient market is that ΠM−B ≥ 0. Note that both ΠM and the cost

of education is decreasing in c. Therefore, a sufficient condition for efficient taxation can be obtained at

c = 1, that is when α′ ≤ n(1−µ−ρ)2

(1+n)2
. Figure 6 shows an example where this argument holds. An efficient

mechanism for this policy would be charging the manufacturers their part of cost of education at certain

points in time, considering their sales. Let κ = α′c/q and assume that the manufacturer is charged κ

per product sold, at such a time point (i.e., every year). In this case, manufacturer’s decision problem

can be written as: ΠM = pq−µq− (ρ+κ)cq. Note that manufacturer’s quantity decision is independent

of α and this policy is implementable at the optimal collection rates given by proposition 5, given the

sufficient condition above holds.

Another interesting discussion here is on the allocation of cost of education α′ to the manufacturers.

It is easy to see that α′ is decreasing in the intensity of competition n. It is also known that with

tougher competition, manufacturers’ profits are decreasing and the consumer surplus is increasing .

This insights leads us to the suggestion that for higher degrees of competition, the education budget

should be created more and more from the consumer side. It is known that some European countries

are forcing the manufacturer’s to pay for consumer education. The discussion above suggests that the

tougher the competition in a certain product category is, the less the manufacturers can be charged for

consumer education. Taxing the consumers seems to be a better alternative for markets with higher

degrees of competition.
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5.2 Subsidizing/Taxation

In US, take-back is made mandatory for some industries, while for some others a competitive advantage

is offered to companies who consider take-back seriously (Lion Tech. 2006). Under EPA’s performance

track program, over 400 companies get special reduced regulation (ISO14000) as well as the enhanced

public relations (EPA 2006). We asked the WEEE forum participants their opinions about governmental

subsidies. Interestingly, most manufacturer’s suggested that subsidies would not be of use, since they

would bring additional fairness concerns and they would even complicate the implementation of the

directive. The legislators stated that it would be extremely hard to monitor and that they did not feel

like they needed to provide subsidies anyway.

This section contains social planner’s choice of subsidizing companies for recycling. We would like

to understand the impact of an additional parameter of control i.e., a subsidy per recycled product on

the efficiency of the legislation. The main question we want to answer is: ”When would a subsidy result

in an improved welfare outcome?”

We assume that the social planner has two controls in the environmental legislation: the collection

rate c and a subsidy σ per recycled product. We consider a Cournot competition model as before. Stage

3 remains the same as in section 4.

Stage 2 - Manufacturer: All firms try to optimize their profit considering the market price

determined by sales quantities p = 1−∑n
i−1 qi. The optimal sales quantity for firm i, is given by

q∗i = q∗ =
1− µ− (ρ− σ)c

n + 1

For this optimal quantity the total producer surplus and the consumer surplus in the system

respectively would be:

ΠM = (p∗ − µ− (ρ− σ)c)q∗n

ΠC = (1− p∗)q∗n/2

and the environmental savings would be:

ΠE = −ε(1− c)q∗n

Similarly to previous sections, the social planer maximizes the total surplus by deciding on c and

σ, with the following optimization problem:

max
c,σ

W = ΠM + ΠC + ΠE − σc q n

s.t. 0 ≤ c ≤ 1

σ ≥ 0
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Proposition 6 The social planner subsidizes the competing manufacturers only under perfect collection

(c∗ = 1) with σ = 1−µ−ρ
n . A sufficient condition for the optimality of a subsidizing solution is ε ≥ ρ.

When the optimal collection rate is below 1, subsidizing is not optimal, where the optimal policy is

determined by proposition 4.

Proposition 6 states an important result: Subsidizing is optimal only under perfect collection. The

intuition behind this result is as follows. When the subsidy is given, the manufacturer profits and

consumer surplus will be increasing since the sales prices will decrease. However, this would mean that

the sales quantities will increase, also accentuating the environmental hazard. The solution to this

trade off comes at the expense of increasing the subsidy to guarantee that perfect collection does not

hurt manufacturers and consumers. Obviously, at perfect collection, whatever the sales quantity is the

environmental hazard is minimized.

Now assume that the environmental hazard is sufficiently high (i.e., ε ≥ ρ) and let us observe what

happens with the legislation. It is easy to see that the optimal sales quantity q∗ = 1−µ+ 1−µ−ρ
n

−ρ

1+n = 1−µ−ρ
n

and the optimal price p∗ = µ + ρ. It turns out that this quantity-price pair gives us the perfect

competition outcome. In other words, the legislation makes sure that at optimality, the perfect

competition outcome is obtained. At this solution, the consumer surplus is maximized at ΠC = (1−µ−ρ)2

2

(as the situation is perfect competition), the environmental damage is minimized (with zero hazard)

and the total manufacturer profit is ΠM = (1−µ−ρ)2

n , which is a lot better than the perfect competition

outcome (i.e., ΠM = 0).

Similarly to previous section, an important problem is creating a budget for the subsidy. The

government needs to create a budget of size B′ = σ∗cq∗n = (1−µ−ρ)2

n . It is easy to see that B′ ≤
ΠC ∀n > 1. Thus, this policy is implementable if the budget is created from consumers.

Even though we assumed a perfect setting where there are no fairness concerns and monitoring

is costless, subsidizing did not turn out to be an effective strategy. We have shown that subsidizing

may not be optimal because of the increased environmental burden due to increased output. Especially

when the treatment costs are sufficiently high (i.e. ρ > ε) and perfect recovery is expensive, the social

planner does not subsidize. Without a subsidy, the social planner chooses an imperfect collection policy

to protect the manufacturers and consumers.

6 Benefit Model

Several examples from the industry show that firms can make profit by recycling or reusing product

returns ((Geyer et al. 2006), (Krikke and Zuidwijk 2006)). For certain industries and product categories

these options can be quite attractive. Therefore, it is important to consider the cases where recovery of
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used products is beneficial to the manufacturer. We model the system as follows:

Stage 3 - Consumers: Similarly to previous sections we assume a single manufacturer facing

a Cournot demand that describes the consumer side with p = 1 − q where p is the sales price of the

product and q is the total sales quantity.

Stage 2 - Manufacturer: The manufacturer decides on the sales quantity q and collection rate

γ given the minimal collection and recovery target c similar to previous sections. The manufacturer’s

objective is written as:

max
q,γ

ΠM = q(p− µ + ργ − τγ2)

s.t. c ≤ γ ≤ 1

where µ is the production cost, γ is the recovery rate the manufacturer chooses under costly collection,

τ is the collection cost coefficient and c is the imposed recovery target.

We model the cost of recovery as an increasing function of the recovery rate, as we assume that the

manufacturer is proactive in collection3. The reason for this assumption is that when the manufacturer

is willing to beat the natural supply/demand side limitations, he has to put effort (e.g., collect faster to

catch the market, invest in better recovery technology, go to consumers for collection etc.). In contrast

to the model in this section, earlier (cost) models consider the case that the manufacturer is reactive,

meaning that he uses the existing system and technology for recovery.

Our modelling approach for proactive collection is similar to the ones used in the literature

((Ferguson and Toktay 2005)). This approach differs slightly from those since we model the marginal

collection/recovery cost as an increasing function of the recovery rate, while it is linear in the collected

quantity. There are two reasons for this assumption. First, it is not analytically tractable to model the

system with costs increasing in quantity. Second, this was the suggestion of a significant proportion of the

manufacturers and service providers we have surveyed. In increasing quantity there is either economies

of scale or a linear relation. The collection cost increases in the rate, not the quantity. Assuming that the

manufacturer has positive margins (1−µ−τ > 0) and recovery is profitable (ρ > τ), the manufacturer’s

optimal decisions given the imposed recovery target c are summarized in the following lemma:

Lemma 1 When c ≤ ρ/2τ ≤ 1, q∗ = ρ2+4 τ(1−µ)
8 τ and γ∗ = ρ/2τ . However, when ρ/2τ ≤ c ≤ 1,

q∗ = 1−µ+c(ρ−cτ)
2 and γ∗ = c. Otherwise, γ = 1 and q∗ = 1−µ+ρ−τ

2 .

Stage 1 - Social Planner: Lemma 1 points to a simplifying argument for the social planner’s

decision. When the optimal imposed recovery rate c ≤ ρ/2τ , the recovery rate chosen by the

manufacturer will be higher than the imposed target. Since the form of policies we consider impose
3We skip the linear case which is trivial as it leads to a binary solution depending on the sign of ρ− τ .
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only lower bounds, the manufacturer’s choice will be independent of what the social planner imposes.

It is interesting to note that although recovery is beneficial for the manufacturer and consumers (in

an indirect way as it reduces the average manufacturing cost), the social planner may still have to

impose recovery targets on the manufacturer when the savings from recovery are not sufficiently high.

Considering these issues, we develop the social planner’s problem as follows.

max
c

W = ΠM + ΠC + ΠE

s.t. ρ/2τ ≤ c ≤ 1

where ΠC = (1− p∗)q∗/2 and the environmental savings ΠE = −ε(1− c)q∗.

Proposition 7 Assume ρ ≤ 2τ . Then the imposed recovery target is c∗ = ρ/2τ > 0 even at ε = 0.

Moreover, c∗ is monotonically increasing in the cost to the environment ε. When ρ > 2τ , c∗ = 1.

Proposition 7 basically states that the intuition under the benefit model is similar to that of the

cost models, i.e. higher recovery targets are required for higher environmental hazard and lower recovery

costs (i.e. low τ). Nevertheless, there is an important difference in the social planner’s strategy when

recovery is profitable. When recovery is profitable, the optimal collection rate is positive even at zero

environmental hazard, while under costly recovery the optimal rate in this case would be zero. There

is an intuitive explanation to that: When recovery is profitable, the unit manufacturing cost to the

manufacturer decreases in the recovery rate, increasing the manufacturer profit. This is reflected in the

sales price, increasing the consumer surplus. At the same time, the total hazard to the environment is

reduced with higher recovery rates. This means that all the elements of the total welfare are improved

with beneficial recovery.

We finalize this section here by noting that we did not consider a competition scenario. Previously,

we have considered only market competition for the sales of new products as recovery were costly and

manufacturers would not benefit from recovery. When recovery is beneficial however, manufacturers

may have to compete for the acquisition of returned products. We refer the readers to (Atasu et al.

2005), (Ferguson and Toktay 2005) and (Majumder and Groenevelt 2001) for a discussion of how the

beneficial product returns impact competition.

7 Discussion and Summary of Results

With this research, we considered the impact of environmental legislation on the economy and looked

at the efficiency of existing policies. Using simple analytical models we showed that the weight (mass)

based directives and the size based categorization of products are neither economically nor ecologically

efficient. Categorization of products and the selection of targets should consider the following factors: (i)
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The treatment cost or the benefit from reuse/recycling. (ii) The environmental impact of product. (iii)

The willingness to pay of customers for the decrease in the environmental impact. (iv) The competition

intensity of the specific market.

Although the WEEE legislation was aimed at creating incentives for environmentally friendly

designs, the manufacturers have not seen much incentive there. Our economic models have confirmed

that. It appeared that the only way to provide incentives to manufacturers for environmental designs

under a take-back legislation is individual producer responsibility assignments with targets set according

to environmental impacts of the product. Setting targets for an industrial category, without looking at

the individual level, i.e. using averages for the industry, results in cost competition instead of creating

environmental design incentives. With individual responsibility, the fairness/free-riding concerns of the

manufacturers can also be addressed, i.e., whoever creates the least environmental impact gets the most

benefit or pays the least. We should not that we have ignored the impact of economies of scale that can

be obtained via collective systems. It is true that collective systems may come with a cost advantage,

however it seems that free rider avoidance is most important from the manufacturers’ perspective. Thus,

the best application of a collective system seems to be where cost allocation is done according to the

environmental contribution of manufacturers.

Copying environmental legislation does not seem to be a healthy approach. Our approach has

suggested that the targets be adjusted to the cost, environmental impact and even to the competition

level differences in the industry. This means that copying legislation may not lead to improved welfare

outcomes, as different regions of the world may face different cost structure, environmental consciousness

levels and competition.

Consumer education is very important for the efficiency of environmental legislation. However,

consumer education is costly and consumer consciousness to environmental policies is crucial for the

efficiency of take-back legislation. It is known in the European example that some member states are

trying to push manufacturers to pay for consumer education. This is possible only when the cost of

consumer education is below certain levels. The higher the degree of competition in a market is the

lower the feasible education cost thresholds are. Otherwise, this cost may harm industries working with

small profits margins. Thus, an education policy that is optimal in one state may not be optimal in

another unless the market structure and consumer preferences are in line.

Governments may also consider the possibility of awarding manufacturers for recycling but it is

important to know when this would help improve the total welfare in the system. According to our

models, subsidizing is not optimal unless the environmental hazard of the product is very high and

perfect collection is optimal. In other words, governments should subsidize only when perfect collection

is optimal. Otherwise, subsidies increase the total output and are not environmentally safe. This

24



suggests that subsidies are more meaningful for products that are environmentally hazardous and costly

to recycle, i.e. batteries.

Another issue we have to mention is that the target setting approach in the European directive need

not be the only way of designing legislation. Unlike the WEEE directive, there is no collection target

in the Japanese legislation (Japan 2005). In Japan, consumers are responsible for returning products

to collection facilities and paying for recycling related costs. The Californian directive on the other

hand charges consumers a fixed fee at the moment of sales. Although our models can easily be adapted

to these different models, the undertaker of the treatment can be different under different forms of

legislation as well as the incentives and the transaction costs involved. Performances of different forms

of legislation is thus a promising research subject which we consider as a future research direction.

There are several other issues we would like to mention, that we consider as good research directions.

First of all, the academia has to compare the environmental impact of reuse4 and recycling. From a

waste avoidance perspective reuse seems to be an environmentally favorable option since it keeps used

products away from the waste stream and a used product can be recycled after being reused. However,

efficiency of collection systems should be important in this sense. If the collected amount is decreasing

after each reuse cycle and the uncollected products are going to the nature, reuse may not be an

environmental option. Interestingly, the WEEE directive also favors recycling over reuse and this seems

to be an important avenue of future research. The impact of legislation on international trade seems to

be an extremely important issue (Kalimo 2006). Research on the the impact of take-back legislation on

international trade required to create suggestions to especially developping/under-developed countries

that would like to attract foreign investors.
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8 Appendix

8.1 European Legislation

Table 6: EU Legislation for Batteries and Accumulators (percentages of total weight)

Collection Level Recycling Level

Lead-Acid Type Ni-Cd Type Others

Lead Overall Cd Overall

> 160 gr/inhabitant and > 80% %100 65% 100% 75% 55%

Table 7: EU Legislation for End of Life Vehicles (ELV) (percentages of total weight)

Deadline Collection Level Recycling Level Recovery Level

By 2005 100% of all returned 75% 75%

By 2006 100% of all returned 80% 85%

By 2015 100% of all returned 85% 95%
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Table 8: EU Legislation for Packaging (percentages of total weight)

Category Collection Level Recycling Level Recovery Level

Glass, Paper and Board All in the market 60% 60%

Metals All in the market 50% 50%

Plastic All in the market 22.5% 22.5%

Wood All in the market 15% 15%

Overall All in the market 55% to 80% 60%

8.2 Discussion of Assumptions

1. Free Disposal: Our models assume free disposal. One could also include the disposal cost of
non-recycled items in the model, but this cost can be internalized in the current form of it. Assume
a per disposed item cost of δ is incurred by the manufacturer. Then the profit per product of the
manufacturer can be written as : ΠM/q = p−µ−χc−ρrc−δc(1−r) = p−µ−(χ+δ)c−(ρ−δ)rc.
Letting χ′ = χ + δ and ρ′ = ρ− δ, the same formulation can be obtained.

2. Linear Additivity in Welfare: Our representation of total welfare requires linear additivity
in the measures used. One can assume that the environmental measure ΠE can be adjusted by
playing with the ε parameter. However, having the ΠM and ΠC have the same impact may not
be a reasonable assumption all the time. In real life, trade unions exist and the lobbying power
of the manufacturers can have an impact on the targets (Recall the way parameters has been
set in the WEEE case.) This suggests that there is a coefficient of power in front of ΠM , i.e.
W = λΠM + ΠC + ΠE . From an optimization perspective this is equivalent to having a constraint
in the objective function such as ΠM ≥ Π0 where λ is equivalent to the dual of this constraint.
By definition ΠM is bounded between Π̄M = (1−µ)2

4 and ΠM = (1−µ−χ−ρ)2

4 and it is decreasing in
c and r. Thus any Π0 between ΠM and Π̄M can be represented as a combination of upper bounds
on r and c. This, in turn is equivalent to having upper bounds on the decision variables and is
already in the formulation.

3. Integrated Manufacturer and Treatment Provider: The cost to the polluter can be the
income of the environmental service company which will decrease the macroeconomic cost to the
economy as a whole (Ekins 2005). We note that when discussing the economic implications of such
policies we have ignored the fact that recycling in itself can be a business opportunity and assumed
that the manufacturer handles the recycling operations. In general however, these activities are
handled by third party treatment providers. Thus, the economic impact of creating business for
the treatment providers also need to be considered.

Considering this issue, on the other hand, complicates the analysis as it requires inclusion of
the treatment provider’s costs etc. and offers little insights. Nevertheless, it is easy to show
that the inclusion of treatment providers contribution to the social welfare does not add much
but it complicates the analysis. Consider the following simple model for instance. Assume that
there exists a treatment provider, who charges the manufacturer χ per product collected and
recycled. The treatment provider incurs treatment cost η per product. In this case, the profit of
the manufacturer is ΠM = p∗q∗(1− µ− χc)2 = (1− µ)2 − 2(1− µ)χc + χ2c2 and the profit of the
treatment provider is ΠT = q∗c(χ − η)(1 − µ − χc)c(χ − η)/2. The sum of these two terms can
be simplified to ΠM + ΠT = (1− µ)2 − 2(1− µ)ηc + c2(2χη − χ2). Note that the structure of this
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sum is very similar to the manufacturer profit alone. Obviously, the separation of the treatment
provider and the environment would not change the structure of our results but complicate them
only.

8.3 Proofs

Proof. (Proposition 1)
The problem to be solved by the social planner is:

max
r, c

W = ΠM + ΠC + ΠE

s.t. r ≥ 0 (λ)

r ≤ 1 (β)

c ≥ 0 (γ)

c ≤ 1 (θ)

The Lagrangian can be written as:

L = ΠM + ΠC + ΠE + λr − β(r − 1) + γc− θ(c− 1)

There are 9 possible cases:

Figure 7: Possible Locations for the Optima

1. r interior, c interior.
First, using this case, we show that an interior solution is not possible, i.e., the optimal solution occurs on
the boundaries. This case has two stationary points, that are both not in the interior:

• r = χ
1−µ−ρ and c = 1−µ−ρ

χ

Note that by definition r ≤ 1, c ≤ 1 and 1− µ− ρ− χ > 0. Thus, This case is feasible only for r = 1
and c = 1, which is not interior. See case 6 for the properties of this point.

• r = χ (−3+2 ε+3 µ)
2 ε (−1+µ−ρ)−3 (−1+µ) ρ and c = 0, which is not interior. See case 9 for the properties of this point.

2. r = 0, c = 0.

Being a corner point, this is a candidate for optima with the objective value of (−1+µ) (−3+4 ε+3 µ)
8

3. r interior, c = 0.

It is easy to see that the selection of r does not matter when c = 0 and the objective for this case is exactly
the same as case 2.

4. r = 1, c = 0.
It is easy to see that the selection of r does not matter when c = 0 and the objective for this case is exactly
the same as case 2.
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5. r = 1, c interior. For r = 1 the optimal collection rate can be calculated as:c = 1
2

(
1−µ
χ+ρ + 3−4 ε−3 µ

3 χ−4 ε+3 ρ

)
.

Note that c ≤ 1 ⇒ ε ≤ 3(χ+ρ)
2 and c ≥ 0 ⇒ ε ≥ 3 (1−µ) (χ+ρ)

2 (1+χ−µ+ρ) . Thus, there exists a unique stationary in this
region. The second derivative w.r.t. c at r = 1 equals:

∂2W

∂c2
=

(χ + ρ) (3 χ− 4 ε + 3 ρ)
4

Note that for ε ≥ 3 (1−µ) (χ+ρ)
2 (1+χ−µ+ρ) , ε ≥ 3(χ+ρ)

4 . Then, the second derivative is always negative within these

bounds. Thus, this point is a local maximizer of the problem. The objective here equals to ε2 (−1+χ+µ+ρ)2

2 (χ+ρ) (4 ε−3 (χ+ρ))

6. r = 1, c = 1.

Being a corner point, this is a candidate for optima with the objective value of 3 (−1+χ+µ+ρ)2

8

7. c = 1, r interior.

At c = 1, r = 2 ε (1−χ−µ+ρ)−3 (1−χ−µ) ρ
(4 ε−3 ρ) ρ

Note that r ≥ 0 ⇒ ε ≥ 3 (1−χ−µ) ρ
2 (1−χ−µ+ρ) . Similarly, r ≤ 1 ⇒ ε ≤ 3ρ

2 . The second order derivative with respect
to r at this point is given by:

∂2W

∂r2
=

c2 ρ (−4 ε + 3 ρ)
4

which is negative for ε ≥ 3ρ
4 . By assumption, 1 − χ − µ − ρ > 0, which guarantees that ε ≥ 3ρ

4 when
ε ≥ 3 (1−χ−µ) ρ

2 (1−χ−µ+ρ) . Therefore, this point is a local maximizer when 3 (1−χ−µ) ρ
2 (1−χ−µ+ρ) ≤ ε ≤ 3ρ

2 . The objective value

at this point equals ε2 (−1+χ+µ+ρ)2

2 (4 ε−3 ρ) ρ

8. r = 0, c = 1
Being a corner point, this is a candidate for the local maxima. The objective at this point equals to
(−1+χ+µ) (−3+3 χ+4 ε+3 µ)

8 . Note that case 2 always dominates this case, thus this is not a candidate for the
optimal.

9. r = 0, c interior.

The second order derivative with respect to c is:∂2W
∂2c |r=0 = 3 χ2

4 . Thus the solution can only take place
at the extremes. Since the extreme on the right is dominated by the extreme on the left, this case is also
dominated by case 2.

We first recall that corner points (r, c) = (0, 0) (case 2) and (r, c) = (1, 0) (case 4) are equivalent for
optimization purposes. Using the preceding analysis, the candidates for the optimal can be summarized by cases
4, 5, 6 and 7. It suffices to show that case 7 is dominated by points 4 and 5 to complete the proof.

• First, we compare the solutions at perfect collection (case 5) and perfect recovery (case 7). Taking the
difference between the objectives evaluated at these points:

W (1, c∗)−W (r∗, 1) ≥ 0 ⇔ −
(

1
(χ + ρ) (3 χ− 4 ε + 3 ρ)

)
+

1
−4 ε ρ + 3 ρ2

≥ 0

This condition is satisfied when 3(χ+ρ)
4 ≤ ε ≤ 3(χ+2ρ)

4 . It is easy to see that this condition is always satisfied
when both points are local maximizers. (Perfect recovery boundary has a maximizing stationary point when
ε ≥ 3(χ+ρ)

4 . Also, 3(χ+ρ)
4 ≤ ε ≤ 3(χ+2ρ)

4 ⇒ 3(ρ)
4 ≤ ε, which is a necessary condition for the perfect collection

boundary to have a maximizing stationary point. )

• Next, since (r, c) = (1, 0) or equivalently (r, c) = (0, 0) is not on the perfect collection boundary, we compare
the boundary solution (r∗, 1) with the corner point (r, c) = (1, 0) . Considering the previous item, we know
that when ε ≥ 3(χ+ρ)

4 , the perfect recovery is better than the perfect collection solution. So, it suffices
to show that the objective at (r, c) = (1, 0) is better than the perfect collection when 3(ρ)

4 ≤ ε ≤ 3(χ+ρ)
4 .

Taking the difference between the two objectives at c = 0 and c = 1 for any r:

W (1, 0)−W (r, 1) ≥ 0 ⇔ (3− 4 ε− 3 µ) (1− µ)
8

≥ (3− 3 χ− 4 ε− 3 µ + 4 ε r − 3 r ρ) (1− χ− µ− r ρ)
8
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Note that (1−µ) > (1−µ−χ− rρ) and (3− 4 ε− 3 µ) > (3− 3 χ− 4 ε− 3 µ + 4 ε r − 3 r ρ) for any r when
ε ≤ 3(χ+ρ)

4 . Thus, f(1, 0)− f(r, 1) ≥ 0.

Bringing these facts together with the previous analysis, cpoints 4, 5 and 6 (as defined in Figure 7) are
candidates for the maximizer. In other words the maximizer takes place only at the perfect recovery solution, i.e.,
r = 1. The solution is summarized in Table 3.

Proof. (Corollary 1) The manufacturer profit at the optimality for 0 < c < 1 (using proposition 1) can be written
as:

ΠM |c∗ =
1
4


−1 + µ +

(χ + r ρ)
(

1−µ
χ+ρ + 3−4 ε−3 µ

3 χ−4 ε+3 ρ

)

2




2

Letting ν = χ + ρ,
∂ΠM

∂ν
=

2 ε2 (−3 + 4 ε + 3 µ) (−1 + µ + ν)
(4 ε− 3 ν)3

Note that ε ≥ 3ν/4 when 0 < c∗ < 1. Moreover, by assumption 1 − µ − ν > 0, Therefore, the derivative with
respect to ν is positive when ε ≤ 3(1− µ)/4 and negative otherwise.

Proof. (Proposition 2) For the sake of brevity and given the description of the proposition, this time we refer to
the case where the solution to the problem lies in the interior region, i.e. 0 < r < 1 and 0 < c < 1.

The consumer surplus and the environmental gains in this case can be written similarly to the previous proof
as:

ΠC =

(−1 + µ + c
(
χ + r2 ρ

))2

8

ΠE =
− (

ε (1− c r)
(
1− c χ− µ− c r2 ρ

))

2
The Social Planner’s objective in this case can be written as:

max
r, c

ΠM + ΠC + ΠE

Solving the first order conditions with respect to r and c, we obtain 6 possible roots of the first order
conditions:

1. c = 0 and r = −(ε (2−2 µ))−
√

ε2 (2−2 µ)2+4 χ (3−2 ε−3 µ) (−3+2 ε+3 µ) ρ

2 (−3+2 ε+3 µ) ρ which is not the case we are interested in
as c = 0.

2. c = 0 and −(ε (2−2 µ))+
√

ε2 (2−2 µ)2+4 χ (3−2 ε−3 µ) (−3+2 ε+3 µ) ρ

2 (−3+2 ε+3 µ) ρ which again is not the case we are interested in
as c = 0.

3. c =
−

(
−1+µ+

√
(−1+µ)2−4 χ ρ

)

2 χ and r = 1−µ+
√

(−1+µ)2−4 χ ρ

2 ρ which is not possible since rc = 1 can only be
realized at c = 1 and r = 1..

4. c = 1−µ+
√

(−1+µ)2−4 χ ρ

2 χ and r =
−

(
−1+µ+

√
(−1+µ)2−4 χ ρ

)

2 ρ which again is not possible as rc = 1 can only be
realized at c = 1 and r = 1.

5. c = ε−ε µ+
√

χ (3−2 ε−3 µ)
√

ρ

4 χ ε+6 χ
3
2
√

ρ
and r = −

(√
χ√
ρ

)
which is not possible since r < 0.

6. c = ε (−1+µ)+
√

χ (3−2 ε−3 µ)
√

ρ

−4 χ ε+6 χ
3
2
√

ρ
and r =

√
χ√
ρ which is the only case that holds if

• 0 < χ < ρ as 0 < r < 1 and

• 3 (−(√χ
√

ρ)+√χ µ
√

ρ)
−1+µ−2

√
χ
√

ρ < ε <
3

(
−(√χ

√
ρ)+2 χ

3
2
√

ρ+
√

χ µ
√

ρ
)

−1+4 χ+µ−2
√

χ
√

ρ as 0 < c < 1.
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The Hessian at the stationary (c∗ = ε (−1+µ)+
√

χ (3−2 ε−3 µ)
√

ρ

−4 χ ε+6 χ
3
2
√

ρ
and r∗ =

√
χ√
ρ ) pair for case 6 can be calculated

by using the second order derivatives, which are:

∂2W

∂c2
|(c∗,r∗)= 3 χ2 − 2 χ

3
2 ε√
ρ

∂2W

∂r2
|(c∗,r∗)=

−3 ε3 (−1 + µ)2
√

ρ + 2
√

χ ε2 (−1 + µ) (−9 + 4 ε + 9 µ) ρ− 2 χ ε (−3 + 2 ε + 3 µ) (−6 + ε + 6 µ) ρ
3
2 + 3 χ

3
2 (−3 + 2 ε + 3 µ)2 ρ2

4 χ
3
2

(
2 ε− 3

√
χ
√

ρ
)2

∂2W

∂c∂r
|(c∗,r∗)=

ε (−1 + µ) +
√

χ (3− 2 ε− 3 µ)
√

ρ

2
The determinant of the Hessian thus can be written as:

|H| |(c∗,r∗)=
ε2

(
ε (−1 + µ)2 − 3

√
χ (−1 + µ)2

√
ρ− 2 χ (−3 + 2 ε + 3 µ) ρ

)

8 ε− 12
√

χ
√

ρ

The determinant of the Hessian is positive when ε ≥ 3 (−(√χ
√

ρ)+√χ µ
√

ρ)
−1+µ−2

√
χ
√

ρ which is the lower bound condition

for case 6. Similarly, for ε ≥ 3 (−(√χ
√

ρ)+√χ µ
√

ρ)
−1+µ−2

√
χ
√

ρ , ∂2W
∂r2 ≤ 0. Thus, the Hessian is negative semi definite in this

region. Therefore, the only possible root can also be the maximizer of Social Planner’s problem. This analysis
shows that under increasing marginal cost assumption r∗ can be less than one. The proof completes.
Proof. (Proposition 3)

We build this proof on the proof of proposition 1. There are 9 possible cases. It is easy to see that the
objectives for cases 2, 3, 4, 6, 7, and 8 are the same as in the proof of proposition 1. Similarly case 9 is dominated
by cases 8 and 2.

We first show that interior solution is still not possible.

1. r interior, c , interior

This case has three solutions:

(a) r = 0 and c = 0. Not interior.

(b) r = χ
√

(−1+µ+ρ) (3 (−1+µ) ρ+ε (2−2 µ+2 ρ))

(−1+µ+ρ)
√

χ (2 ε (−1+µ−ρ)−3 (−1+µ) ρ)
and c = −

(√
(−1+µ+ρ) (3 (−1+µ) ρ+ε (2−2 µ+2 ρ))√

χ (2 ε (−1+µ−ρ)−3 (−1+µ) ρ)

)
. Note that

rc = 1. Not interior.

(c) r = −
(

χ
√

(−1+µ+ρ) (3 (−1+µ) ρ+ε (2−2 µ+2 ρ))

(−1+µ+ρ)
√

χ (2 ε (−1+µ−ρ)−3 (−1+µ) ρ)

)
and c =

√
(−1+µ+ρ) (3 (−1+µ) ρ+ε (2−2 µ+2 ρ))√

χ (2 ε (−1+µ−ρ)−3 (−1+µ) ρ)
. Note that

rc = 1. Not interior.

Thus, an interior solution is not feasible.

Next, we note that the increasing marginal cost assumption affects the behavior of the function only at the perfect
recovery boundary, since all the remaining cases are exactly the same as in proposition 1. Therefore, it suffices
again to show that perfect collection solution is dominated by perfect recovery solution and (r, c) = (0, 0) corner.
Consider the following facts:

• First, we compare the (r, c) = (0, 0) corner with the perfect collection boundary. Note that the value of
social planner’s objective on the perfect collection boundary has the same form as in proposition 1, since
at c = 1 the collection cost term equals to χc = χc2 = χ. Therefore, the condition for superiority of
(r, c) = (0, 0) corner is the same as in the proof of Proposition 1 here.

• Next, if we can show that the perfect recovery boundary still dominates the perfect collection boundary
outside the superiority condition of (r, c) = (0, 0), the proof completes.
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• Now, we will prove that the objective at the perfect recovery boundary with the increasing marginal
collection assumption is always better than the constant marginal cost assumption. Assume that the
maximizer of the objective on the perfect collection boundary with the constant collection cost assumption
is obtained at c1 (with r = 1) and equals to

W constant(c1) = Πconstant
M (c1) + Πconstant

C (c1) + Πconstant
E (c1)

Now, assume that under the increasing collection cost assumption, the social planner chooses c2 =
√

c1. At
this point the optimal price and quantities chosen by the manufacturer will be the same as for the constant
collection case since χc2

2 = χc1. Thus,

qconstant(c1) = qincreasing(c2) = q̄

and
Πconstant

M (c1) + Πconstant
C (c1) = Πincreasing

M (c2) + Πincreasing
C (c2)

Moreover,
Πconstant

E (c1) = εc1q̄ − εq̄ ≤ Πincreasing
E (c2) = ε

√
c1q̄ − εq̄

since
√

c1 > c1, ∀0 ≤ c ≤ 1. Thus, W constant(c) ≤ W increasing(
√

c), ∀c. This means that the superiority
condition of the perfect recovery boundary on the perfect collection boundary under the constant marginal
collection cost assumption holds under the increasing marginal collection cost assumption. Because we can
always obtain a better objective value under the increasing marginal cost assumption.

• So, we have seen that the perfect collection boundary is dominated by the (r, c) = (0, 0) corner and the
perfect recovery boundary solution, similar to proposition 1.

Having proved that the only candidate for the maximizer is on the perfect recovery boundary, we have shown
that the same structural solution in proposition 1 holds. The proof completes. The reader has to note that we
have only shown the equivalence of the structural solution. On the other hand, the optimal collection rates are
different under the two different assumptions. We do not provide the optimal collection rates for the increasing
marginal collection assumption. Because, the roots to the first order condition with respect to c at r = 1 are too
complex, and it is hard to determine which root is real under what conditions.

Proof. (Proposition 4) See proof of proposition 5 for α = 0.
Proof. (Proposition 5) The social planner’s problem can be written as:

max
c

W = ΠM + ΠC + ΠE − αc2

s.t. c ≥ 0 (λ)
c ≤ 1 (β)

The Lagrangian can be written as:

L = ΠM + ΠC + ΠE + λc− β(c− 1)− αc2

There are 3 possible cases:

1. c = 0 ⇒λ ≥ 0, β = 0
The solution to this case can be summarized as follows:

λ =
n (ε (1 + n) (−1 + µ− ρ)− (−1 + µ) (2 + n) ρ)

(1 + n)2

c = 0, β = 0

By KKT, λ ≥ 0 ⇒ ε ≤ (1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
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2. c = 1⇒λ = 0, β ≥ 0
The solution to this case can be summarized as follows:

β = −
(

2 α (1 + n)2 + n (−1 + µ + ρ) (ε (1 + n)− (2 + n) ρ)
(1 + n)2

)

c = 1, λ = 0

By KKT, β ≥ 0 ⇒ ε ≥ ρ
(

n+2
n+1

)
+ 2α

1−µ−ρ

(
n+1

n

)

3. 0 < c < 1⇒λ = 0, β = 0
The solution to this case can be summarized as follows:

λ = 0, β = 0

c =
(−1 + µ) n (2 + n) ρ + ε n (1 + n) (1− µ + ρ)

2 α (1 + n)2 + nρ (2 ε (1 + n)− (2 + n) ρ)

By KKT, 0 ≤ c ≤ 1 ⇒ (1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
≤ ε ≤ ρ

(
n+2
n+1

)
+ 2α

1−µ−ρ

(
n+1

n

)

The second order derivative with respect to c evaluated at the stationary point given for case 3 can be written as:

∂2W

∂c2
|(c∗)= −2 α +

nρ (−2 ε (1 + n) + (2 + n) ρ)
(1 + n)2

It is easy to see that this expression is negative for ε ≥ (2+n) ρ
2 (1+n) which is always true since for case 3,

ε ≥ (1−µ)ρ
1−µ+ρ

(
n+2
n+1

)
and by assumption 1 − µ − ρ > 0. Thus, this is the maximizer of the problem, given that ε is

within the calculated thresholds.

Proof. of Proposition 6
The objective can be written as:

W = −
(

(1− c) ε n (1− µ− c (ρ− σ))
1 + n

)
+

n2 (1− µ− c (ρ− σ))2

2 (1 + n)2
− c n (1− µ− c (ρ− σ)) σ

1 + n

+
n (1− µ− c (ρ− σ))

(
1− µ− n (1−µ−c (ρ−σ))

1+n − c (ρ− σ)
)

1 + n

First order conditions are

∂W

∂c
=

n
(
(2 + n) ρ (−1 + µ + c ρ) + σ − (µ + 2 c ρ) σ − c n σ2 − ε (1 + n) (−1 + µ− ρ + 2 c ρ + σ − 2 c σ)

)

(1 + n)2

∂W

∂σ
=

c n (1− µ + (−1 + c) ε (1 + n)− c (ρ + nσ))
(1 + n)2

Second derivatives can be written as:
∂2W

∂c2
=

n (ρ− σ) (−2 ε (1 + n) + (2 + n) ρ + n σ)
(1 + n)2

∂2W

∂σ2
= −

(
c2 n2

(1 + n)2

)

∂2W

∂σ∂c
=

n (1− µ + (−1 + 2 c) ε (1 + n)− 2 c (ρ + nσ))
(1 + n)2

The determinant of the Hessian is:

|H| =
n2

(
− (

c2 n (ρ− σ) (−2 ε (1 + n) + (2 + n) ρ + nσ)
)− (−1 + µ− (−1 + 2 c) ε (1 + n) + 2 c (ρ + nσ))2

)

(1 + n)4
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1. c interior, σ > 0.

The interior stationary solution for this case can be summarized as: σ = ε (−1+µ+ρ)
−1+ε+µ and c = −1+ε+µ

ε−ρ . The

determinant of the Hessian equals to −
(

(−1+ε+µ)2 n2

(1+n)2

)
which is negative. Thus this is not a maximizer.

The solution can not be interior.

2. c interior, σ = 0.
Same as proposition 5 case 3 with α = 0.

3. c = 0, σ = 0. Same as proposition 5 case 1 with α = 0.

4. c = 0, σ > 0. This case is basically a degenerate case, as when c = 0 no subsidy will be given to the
manufacturer independent of the value of the subsidy.

5. c = 1, σ > 0. The stationary point for this case is observed at c = 1 and σ = 1−µ−ρ
n . The second derivative

with respect to σ evaluated at this point is: −
(

n2

(1+n)2

)
. Thus this point is a maximizer with an objective

value of (−1+µ+ρ)2

2 .

6. c = 1, σ = 0. The Social Planner’s objective takes value n (2+n) (−1+µ+ρ)2

2 (1+n)2
at this point. However, in case

5, the objective equals (−1+µ+ρ)2

2 . Since n (2+n)

(1+n)2
< 1, a positive subsidy is always better at c = 1.

So far we have obtained three candidates for global maxima.

1. (c = 0, σ = 0) when ε ≤ (n+2)(1−µ)ρ
(n+1)(1−µ+ρ) . The objective at this point equals (−1+µ) n (2 ε (1+n)+(−1+µ) (2+n))

2 (1+n)2
.

2. (c = (n+2)n (−1+µ) ρ+ε(n+1)n(1−µ+ρ)
nρ(2ε(n+1)−(n+2)ρ) , σ = 0) when (n+2)(1−µ)ρ

(n+1)(1−µ+ρ) ≤ ε ≤ (n+2)ρ
n+1 . The objective at this point

equals ε2 n (−1+µ+ρ)2

4 ε (1+n) ρ−2 (2+n) ρ2 .

3. (c = 1, σ = 1−µ−ρ
n ). The objective at this point equals (−1+µ+ρ)2

2 .

One can show that the third solution is superior to the second when ρ ≤ ε ≤ (n+2)ρ
n . Similarly, the third

solution is better than the first solution when ε ≥ ρ − −(−1+µ+ρ+n ρ)2

2 (−1+µ) (n+n2) . To complete the analysis, we have to

consider two cases depending on the values of ρ and (n+2)(1−µ)ρ
(n+1)(1−µ+ρ) :

• ρ ≤ (n+2)(1−µ)ρ
(n+1)(1−µ+ρ) ⇒ 1− µ ≥ (n + 1)ρ:

The interval ρ ≤ (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) ≤ ε ≤ (n+2)ρ

n+1 ≤ (n+2)ρ
n captures the whole valid range for case 2 to be a

maximizer. Therefore, case 3 is superior to case 2 when ρ ≤ (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) . We also know that case 3 is

better than case 1 when ε ≥ ρ − −(−1+µ+ρ+n ρ)2

2 (−1+µ) (n+n2) and that ρ − −(−1+µ+ρ+n ρ)2

2 (−1+µ) (n+n2) < ρ ≤ (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) . Thus,

the maximizer takes place at c = 1 and σ > 0 when ε ≥ ρ − −(−1+µ+ρ+n ρ)2

2 (−1+µ) (n+n2) . Above this threshold, the
subsidizing solution is better than any other candidate. Below this threshold the c = 0 solution is the
maximizer (since when ε ≤ (n+2)(1−µ)ρ

(n+1)(1−µ−ρ) case 1 is always better than case 2 from proposition 4 ).

• ρ ≥ (n+2)(1−µ)ρ
(n+1)(1−µ+ρ) ⇒ 1− µ ≤ (n + 1)ρ:

We know that when ε ≥ ρ case 3 is better than case 2.

When (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) ≤ ε ≤ ρ case 2 is better than both cases 3 and 1 (see proof of proposition 4).

When ε ≤ (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) on the other hand we know that case 1 is better than case 2. Moreover, the objective

of case 3 is constant with respect to ε and the objective of case 1 is decreasing in ε. This means that for
any ε′ < (n+2)(1−µ)ρ

(n+1)(1−µ−ρ) the objective of case 1 is better than the objective of case 3 since the objectives of

case 1 and 2 are the same at ε = (n+2)(1−µ)ρ
(n+1)(1−µ−ρ) .

Bringing these facts together, c = 1 and σ > 0 is optimal when ε ≥ ρ. Above this threshold, the subsidizing
solution is better than any other candidate. Below this threshold the solution is determined by proposition 4.
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We have shown that the subsidizing solution is feasible only at perfect collection. When 1 − µ ≤ (n + 1)ρ, a
solution with imperfect collection and zero subsidy is optimal when ε ≤ ρ, otherwise the subsidizing solution with
perfect collection is optimal. On the other hand, when 1−µ ≥ (n+1)ρ, perfect collection is optimal with subsidy
if ε ≥ ρ− −(−1+µ+ρ+n ρ)2

2 (−1+µ) (n+n2) , otherwise no legislation is needed (i.e., c = 0). The proof completes.

Proof. of Lemma 1
The manufacturer’s objective was written as:

max
q,γ

ΠM = q(p− µ + ργ − τγ2)

s.t. c ≤ γ ≤ 1

The Lagrangean can be constructed as:

L = − ((−c + γ) λ)− µ q + p q + γ q ρ− γ2 q τ

The first order conditions can be written as: ∂L
∂q = 1− µ− 2 q + γ ρ− γ2 τ = 0, ∂L

∂γ = −λ + q ρ− 2 γ q τ = 0,
∂L
∂λ = c− γ.

The second order derivatives can be written as ∂2L
∂q2 = −2, ∂2L

∂γ2 = −2 q τ , ∂2L
∂q∂γ = ρ− 2 γ τ .

The determinant of the hessian is |H| = 4 q τ − (ρ− 2 γ τ)2.
There are three cases to be considered:

• γ ≥ c, i.e. λ = 0. The only positive solution to this case can be obtained as q∗ = ρ2+4 τ−4 µ τ
8 τ and γ∗ = ρ

2 τ

for which |H| = ρ2+4 (1−µ) τ
2 , thus this is a maximizer as the hessian is negative semi definite at this point.

This point is valid when γ ≥ c ⇒ c ≤ ρ/2τ .

• γ ≤ c, i.e. λ ≥ 0. The only solution to this case is given as q∗ = 1−µ+c ρ−c2 τ
2 and γ = c. Since the second

order derivative with respect to q is negative, this point is a maximizer when c ≥ ρ/2τ .

• ρ
2 τ > 1. Then, γ∗ = 1 and q∗ = 1−µ+ρ−τ

2 . This again is a maximizer since the second derivative with
respect to q is negative.

Proof. (Proposition 7)

At ε = 0 the objective can be written as W = ΠM + ΠC =
3 (−1+µ−c ρ+c2 τ)2

8 . The first order condition is
∂f
∂c =

3 (−ρ+2 c τ) (−1+µ−c ρ+c2 τ)
4 = 0. The only maximizing solution to the first order condition is given as c∗ =

ρ/2 τ . The second order derivative with respect to c evaluated at this point is ∂2f
∂c2 |c∗= ρ

2 τ
= −3 (1−µ) ρ2 τ

2 ≤ 0.Thus,
this point is the unique maximizer at ε = 0.

Also, given that c ≥ ρ
2τ , 1− µ− τ > 0 and ρ > τ :

∂2W

∂c∂ε
=

1
2

(
1− µ− c2τ + 2cτ − ρ + 2c(ρ− cτ)

) ≥ 0

Thus, the objective is supermodular in c and ε. The optimal collection target is increasing in ε.
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